The first calculation of reaction dynamics was made in 1931 by H. Eyring and M. Polanyi for the gas-phase exchange reaction H(g) + H 2 (g) = H 2 (g) + H(g). Here we use Density Functional Theory to explore the dynamics of an analogous exchange reaction, H(ad) + H 2 (ad) = H 2 (g) + H(ad), taking place at coinage metal surfaces; Cu(100), Ag(100) and Au(100). The attacking atom, H(ad), recoils in a preferred direction toward the physisorbed H 2 (ad), as envisioned in other studies of 'Surface Aligned Reaction' (SAR). The dynamics of SAR for the above reaction is compared with gas-phase reaction, employing the same initial state geometry in the absence of the surface. The effect of weak physisorption at the metal surface is to approximately halve the bond dissociation energy of H 2 (ad) as compared with H 2 (g). As a result, the surface markedly catalyzes the exchange reaction, decreasing the energy barrier due to increased heat of reaction in the adsorbed state, in accord with the Brønsted, Evans and Polanyi (BEP) relationship.
Introduction
This Topical Issue commemorates the publication of a seminal paper by Eyring and Polanyi [1] that appeared eighty two years ago in this journal. The paper is made available in English for the first time, becoming accessible to a wider public including the authors of the present work. It marked a watershed for reaction dynamics -the study of the molecular motions underlying chemical reactions.
In 1927, in the hands of W. Heitler and F. London [2] quantum mechanics had revealed the subtle electronic-charge-distribution responsible for holding together the two positively-charged nuclei of molecular hydrogen. Two years later London [3] extended this formalism from H 2 to H 3 , opening the way to the study of transition states in chemical reaction, starting with the thermoneutral exchange reaction H + H 2 = H 2 + H, occurring collinearly in the gaseous state. The significance of Fritz London's work was apparent to his colleague Michael Polanyi in Berlin, so when Polanyi was joined by Henry Eyring (visiting from Salt Lake City, U.S.A.) they accepted the challenge recently posed by P. Dirac in 1929 [4] : "the mathematical theory of a large part of physics and the whole of chemistry are [now] completely known, and the difficulty is only equations much too complicated to be soluble".
Eyring and Polanyi proceeded, nonetheless, to solve the equations that London had set out for H3 by the semi-empirical expedient of employing the experimental knowledge of the H 2 interactions that figure in the expression for H3. The result was an approximate 'potential energy surface', pes, for successive configurations of collinear H(A)H(B)H(C) in which, for the first time, V[r(AB),r(BC)] had numerical values. This pes was applicable to the collinear reaction of three hydrogen atoms undergoing the gas-phase reaction symbolised A + BC = AB + C. The London-Eyring-Polanyi 'LEP' potential interpolated smoothly between the Morse function for the reagent, V[r(BC)], and that for the product, V[r(AB)]. It exhibited only a single intermediate barrier, E b , small in comparison to the bond-dissociation energy, D H−H , of the bond broken in the reaction. This was in accord with expectation from experiment. Quantum mechanics, which de-localises charge, explained the low value of the reaction-barrier by the stabilisation of H3 in the Transition State through co-existence of bonding in the stretched B-C bond being broken and in the stretched A-B bond being formed. According to the new quantum mechanics the binding electrons could be in two places at once.
In light of the smooth interpolation between reagent and product energies given by the LEP potential (later 'LEPS' due to an extension by S. Sato [5] ) it was proposed in the 1930's by R. Ogg and M. Polanyi [6] and subsequently more extensively by M. Evans and M. Polanyi [7] that a downward displacement of the product valley of the pes in a homologous series of reactions would be accompanied by a lesser downward shift in the potential-energy at the barrier crest. This relationship was illustrated by the authors for the case that the Transition State was sharply-defined by charge transfer, as in the reaction of alkali metal atoms. Shortly thereafter, correlation between barrier height and exothermicity, ΔE b = α (−ΔH), was examined experimentally for an extensive series of reactions of atomic sodium with alkyl iodides by E. Butler and M. Polanyi [8] , who found α ∼ −0.25. The relation has since been widely adopted on empirical grounds, being variously referred to as the 'OEP' (Ogg, Evans, Polanyi) or more commonly, as done here, the 'BEP' (Brønsted [9] , Evans, Polanyi) correlation.
The 20th century reaction dynamicist focussed on gas-phase reaction. The 21st century has seen a shift in interest to the more complex case of surface reaction, with its important practical applications to catalysis. With the advent of Density Functional Theory (DFT) it became possible to compute the effect of defects in smooth terraces and highly active singularities such as steps on metal surfaces in promoting dissociative adsorption, AB(g) = A(ad) + B(ad) [10] [11] [12] . Recently the BEP correlation has found wide application in these heterogeneous dissociative-attachment reactions as a means of relating barrier height to energy release [13] [14] [15] [16] [17] [18] and has also been applied to atomic diffusion on metals [19] [20] [21] .
The dissociative-attachment reactions, referred to above, involve only a single adsorbate. In the present work we use DFT to address the question of the effect of a neighbouring metallic surface on the barrier of the bimolecular exchange reaction H + H 2 = H 2 + H, which, as noted above, figured so largely in the history of gas-phase reaction dynamics. The question is whether a smooth metal surface can be expected to catalyse this bimolecular exchange, and, if so, why. The scenario for achieving bimolecular reaction is that of 'Surface Aligned Reaction' (SAR). The concept of SAR derives from the common observation of preferred atomic recoil directions in adsorbate dissociation at surfaces [22] [23] [24] . Reproducible observation of SAR has recently been reported for the reaction of atomic iodine on Cu(110), observed with atomic resolution by Scanning Tunneling Microscopy (STM) [23] .
The construct employed here (compare Fig. 8 of Ref. [22] ) is that directed recoiling 'hot' H(ad) is formed by exciting HBr(ad) to its antibonding anionic state by addition of an electron for a time t * . The hot H(ad) in the present computation, which employs a repetitive slab-model for the surface, will be shown to recoil across the surface from (HBr)
− and subsequently suffer a low-impact parameter collision with a vertical physisorbed H 2 (ad) on the neutral ground potential surface, resulting in the abstraction of an H-atom from H 2 (ad) to form internally-excited H 2 (g) leaving the residual H-atom bound to the metal; over-all this can be symbolised H(ad) + H 2 (ad) = H 2 (g) + H(ad). As in previous calculations of electron-induced reactions performed (in conjunction with STM experiments) in this laboratory, we set t * of the repulsive anionic state at the minimum time, and hence minimum translational energy, E T , required for the subsequent reaction on the ground pes. The potential-energy barrier for the H(ad) + H 2 (ad) exchange reaction is designated, E b . The computed value of E b in the adsorbed state was found to be less than half that for the gas-phase exchange reaction, in the absence of the underlying surface, occurring from the same initial geometry. This marked lowering of the energy barrier in going from the gaseous to the adsorbed state, correlates with the additional exothermicity in the latter case. The additional exothermicity is due to the weakening of the H-H bond in H 2 (ad) as compared with H 2 (g), which, in turn, is due to the bond that forms between the residual H-atom and the surface when H 2 (ad) dissociates. The computed lowering of the barrier, ΔE b , in going from gas to adsorbate conforms to the BEP relation, ΔE b = α (−ΔH), with α = −0.22.
Theory
The DFT calculation in this work were performed using Vienna Ab-initio Simulation Package(VASP) [25] , which is based on projector-augmented wave method [26] . All calculation were spin-polarized and performed using RPBE exchange correlation functional [27] . Van de Waals interaction was considered with the method of Grimme [28] . The methodology is similar to the previous work [22] [23] [24] 29] . To facilitate H(ad) + H 2 (ad) exchange at a metal surface, we employed a model in which HBr and H 2 were co-adsorbed at the metal, Cu/Ag/Au(100), surfaces. The H 2 (ad) physisorbs in a stable vertical state(∼ 0.1 eV heat of adsorption) at the four-fold hollow site of the (100) surface. The HBr molecule physisorbs (∼ 0.25 eV heat of adsorption) two lattice constant away at the second four-fold hollow along the 001 direction. The metal surfaces were computed using a slab model with a c(6 × 4) supercell consisting of 120 atoms in 5 layers. The vacuum gap of the slab was kept to at least 15 Å. All atoms in the adsorbates and the top three metal layers of the substrate were allowed to relax. The initial molecular ground states were optimized until the force on each atom was less than 0.01 eV/Å. Our earlier 'Impulsive two-state model' [29] was implemented to generate directed hot H atoms recoiling along the H-Br bond direction. This model uses a two-step calculation to simulate the surface-aligned reaction. First, the HBr molecule Table 1 Table 1 . Comparison of key parameters for the H + H 2 exchange reaction at different coinage metals and in the comparable gas-phase reaction. is excited to the anionic state for time t * , then the system returns to the ground state with an extended H-Br bond and the momentum gained on the anionic surface. By selecting t * and thereby varying the strength of ionic impulse, different dynamical processes are obtained on the ground state. The molecular dynamics simulations are calculated by solving the equations of motion using a constant total energy and a time step of 0.5 fs. By varying the angle, Θ 0 , of the HBr bond to the surface, the hot H atom recoiling from H-Br attacked the H 2 molecule with different impact parameters, as shown in Fig. 1a. 
Results and discussion
We shall show that a directed translationally-hot H-atom, H(ad), recoiling across a coinage-metal surface toward an H 2 (ad) molecule physisorbed vertically at the same surface, will react by H(ad) + H 2 (ad) = H 2 (g) + H(ad), over an energy barrier less than half that for reaction in the absence of the metallic substrate. The comparison was made by DFT theory. For the computation of surface reaction the attacking H-atom (as in our previous work on recoiling halogen-atoms, see for example ref. [22] ) was formed by modelling the electron-induced dissociation of physisorbed halide, here HBr. The impact parameter, b, and translational energy, E T , of the attacking atom, H, were selected for each metal adsorbate so as to minimise the energy barrier required for exchange reaction. The translational energy, E T , is in the plane of the three H-atoms. The 'gasphase' reaction dynamics in the absence of the metal substrate were computed with the three H-atoms in the geometry applicable to the H(ad) + H 2 (ad) exchange reaction at a Ag(100) surface, with b and E T freely selected to minimise the gas-phase reaction barrier (see Table 1 ). The decrease in barrier height for the surface reaction as compared with the comparable gas-phase reaction is evidence of a marked catalytic effect of the metallic substrates.
Though the H + H 2 reaction under study is the prime example of gas-phase exchange reaction, the catalytic effect of a surface on its rate has not, to our knowledge, been investigated. We believe it to be instructive in regard to the catalytic effect of (defect-free) metallic terraces. The catalytic effect will be shown to conform to the BEP correlation [7] which, in this new context, links the decrease in barrier-height due to the surface, −ΔE b , to the increase in over-all heat of reaction found for the adsorbed state, Δ (−ΔH). Since the same molecular product, H 2 (g), is being formed in both the gasphase and surface reactions, the above-noted increase in heat of reaction in going from gas to surface is due to the energy released in chemisorption of the H-atom product. It evidences itself, as will be shown, as a marked decrease in the dissociation energy, D H−H (ad), as compared with D H−H (g) (see column four in the lower part of Table 1 ). Figure 1 exemplifies for the case of Ag(100) three stages of reaction, IS (Initial State), TS (Transition State) and FS (Final State) computed for Surface Aligned Reaction (SAR) [22] with the attacking atom treated as recoiling from HBr(ad).The three pictures constitute frames from a classical dynamics movie of the reactive event on Ag(100), at the times indicated. Excitation of the H-halogen bond to its anti-bonding anionic state (as in previous experimental and theoretical work; [22] [23] [24] 29] ) at t = 0 causes H to recoil along the Br-H bond direction. The HBr(ad) is in a physisorbed location at a fourfold hollow. A vertical H 2 (ad) is in an adjacent stable physisorbed location, also at a four-fold hollow. The vertical H 2 (ad) geometry is computed to be the most stable physisorbed state at these substrates.The separation between fourfold hollows (∼ 4 Å) is listed for the three coinage metals as d ff in column 1 of the upper panel of Table 1 . The angle Θ 0 of the Br-H to the surface, which governs the collision impact parameter, b, as shown in Fig. 1 , was varied, as also was the translational energy, E T , of the attacking-atom (E T co-planar with the 3 H-atoms). Solution of the equations of motion showed that a single combination of Θ 0 (hence b) and E T gave the minimum energy required for SAR. These optimal IS values for Θ 0 and b, and also the minimum values for reactive E T , are listed in the upper panel of Table 1 for the three surfaces studied, namely Cu(100), Ag(100) and Au(100). The value of E T , the translational energy in the laboratory frame of reference, for these surface-reactions was governed in the model by the time chosen, t * , (also listed in Table 1 ) that the HBr spent in its anionic state. In all three surface reactions, Cu, Ag and Au, the trajectories encountered the minimum energy for the exchange reaction H(ad) + H 2 (ad) = H 2 (g) + H(ad) with H(ad) moving at a small angle (Θ 0 ) to the surface, so as to collide with the vertical H 2 (ad) at the impact parameter of b, as illustrated in Fig. 1a and tabulated in Table 1 . Figure 2 shows the changes in total potential energy, V , at successive times in the course of the surface reactive trajectory for Ag(100) (red) and in part for the cases of reaction on Cu(100) (black), and Au(100) (green). As noted above, each trajectory is at the minimum translational energy for reaction. The duration of the initial Br.H repulsive anionic state is labeled 'a'. Reversion to the ground potential by an electronic transition at time t * is followed by a small increase of V in time-region 'b' in overcoming the residue of Br-H bonding. There follows a steep rise in potential to a maximum at the TS barrier crest for the three metals. E b is obtained by computing the energy difference between the TS and the dissociated state with the attacking H-atom taken to infinity; these are the values of E b listed in Table 1 and Fig. 2 . The potential energy curve for the reaction with the surface removed is labelled G and shown in blue. For this gasphase reaction in the IS the three atoms were in the geometry corresponding to aligned Fig. 3 . Trajectories for the H + H 2 exchange reaction in r 1 -r 2 space, color-coded as in Fig. 2 ; reaction 1 (black) is on Cu(100), reaction 2 (red) on Ag(100) and reaction 3 (green) on Au(100) with the trajectory G (blue) for the corresponding gas-phase reaction (surface removed).
reaction on Ag (Table 1 ) with E T , as in all cases, in the plane of the three H-atoms. With E T freely variable the minimum energy for gas-phase reaction was found to be E T = 1.45 eV with an optimal value of b = 0.61 Å leading to reaction across a minimum barrier of E b = 0.62 eV.
The discrepancy evident in Table 1 between the translational energy, E T , and the barrier height, E b , for the three surface reactions and the gas-phase reaction is due to the need to surmount the centrifugal barrier [30] , conserving angular momentum. Figure 3 gives a plot of the approach separation, r 1 , and the retreat separation, r 2 , for SAR on then three metals and for the gas-phase reaction This is not a complete description of the dynamics which would also involve stipulating the variation of r 3 as a function of time (the third coordinate required to locate the three H-atoms) and for the surface reactions also the separations between the three H-atoms and the underlying metal. Nonetheless, the motion along the approach and retreat coordinates shown in Fig. 3 serves to indicate the translational energy (viewed in the laboratory frame) of the attacking atom, and the subsequent vibration in the H 2 (g) bond. This aligned reaction with significant impact parameter and hence substantial initial orbital angular momentum (L = μvb, where v is the velocity corresponding to E T ) gives vibrational and substantial rotational excitation in H 2 (g) for all four exchange reactions; 1. (Cu), 2. (Ag), 3. (Au) and G (Gas),
The transition state, TS, (Fig. 1b) is bent away from the collinear to give an internal angle Θ ‡ of approx. 120
• (listed in Table 1 ). This bent configuration causes the gas-phase barrier to exceed that for collinear H + H 2 exchange which is 0.2 eV from DFT [31] and 0.4 eV for high-level calculation [32] . The bond being formed is found to be extended to r ‡ 1 = 1.34 Å in the TS (as compared with the equilibrium separation, r 0 1 = 0.75 Å); all three transition state configurations for Cu, Ag and Au are given in Table 1 . The location of the attacking H-atom in the TS is marked by an X in r 1 , r 2 space in Fig. 3 . The dynamics, exemplified in Fig. 1 and shown in r 1 , r 2 space in Fig. 3 , is best described as a 'pick-up' reaction in which the attacking atom, A, picks up atom B, converting its momentum into translational and rotational motion in the new molecule AB (H 2 (g)).
Since the characteristic dynamics in r 1 and r 2 are similar for all four exchange reactions, it is instructive to superimpose the Transition State configurations r ‡ 1 and r ‡ 2 on the reaction-path of Fig. 3 . The location of the barrier-crest is in the entry valley (r 1 > r 0 1 ) for all four reactions, advancing to 'earlier' positions along r 1 (i.e. to larger r 1 ) in the sequence G,3,2,1; i.e. Gas, Au, Ag, Cu. In the cases of Gas, Ag and Cu the barrier moves to earlier positions as it decreases in magnitude. This is a common pattern for the activation energies in a related family of reactions [33] .
The decrease in E b with increase in heat of reaction in going from the gas-phase reaction to those for the three coinage metal surfaces is shown in Fig. 4 . The increase in heat of reaction at the surface stems from the marked decrease in the bond dissociation energy of D H−H (ad) as compared with D H−H (g) ( Table 1 ). As noted, a similar systematic diminution in E b was described by E. Butler and M. Polanyi for members of the family of gas-phase exchange reaction Na + RI = NaI + R, as the energy required to break the RI bond decreased [9] . The slope α of their plot of E b vs. −ΔH (the latter being the heat of reaction in the Brønsted, Evans, Polanyi, 'BEP', correlation) taken from their experiments was α = −0.25. In the present case it is α = −0.22. This agreement we regard as fortuitous, since no sufficiently general theory exists.
It was anticipated that Au would fail to be part of a coinage metal 'homologous series' when described by DFT, since the computed sequence of heats of reaction for H(ad) + H 2 (ad) exchange does not follow the expected order Cu > Ag > Au but instead has Au lying intermediate between Cu and Ag. The explanation for this apparantly anomolous behaviour of gold is likely to be found in the fact that the chemical binding of H to Au is inadequately represented in the DFT approximation due to the need for relativistic corrections to account for the role of the d-orbitals in gold-hydride [34] . It is an open question whether in the case of Au an improved calculation of both E b and the heat of the H(ad) + H 2 (ad) exchange reaction would bring this coinage metal into accord with the BEP correlation described below.
What is significant is the qualitative result, namely the marked decrease in activation barrier, E b , that accompanies the weakening in the bond being broken, hence increase in heat of reaction, in going from gas-phase to surface reaction. The same is true within the pair of surface reactions on Ag and on Cu; the barrier E b decreases with increasing heat of reaction (Table 1 ) commensurate in the case of this pair of reactions with a BEP constant α = −0.18.
Conclusion
Reference [1] , treating the exchange reaction H + H 2 , helped teach us the power of simple concepts. In the realm of surface catalysis a novel concept has been the discovery of the importance of defects and steps in lowering the barrier to reaction. Here we highlight a different cause of catalytic activity, namely the substantial reduction of adsorbate bond-dissociation energies, even in weakly physisorbed molecules, leading to an increase in surface-reaction exothermicity and thereby contributing to catalytic activity. We exemplify this through the lowering of energy barriers for the H + H 2 exchange reaction, made famous in Ref. [1] .
The heat of adsorption of phyisorbed H 2 (ad) at a coinage metal is only ∼ 0.1 eV, but the effect of this physisorption on the bond dissociation energy of this adsorbate is to reduce it from 4.3 eV for H 2 (g) to approx. 2.5 eV for H 2 (ad). This striking effect, with its accompanying increase in heat of reaction at the surface, has a simple cause; in the adsorbed state the severance of the H-H bond is accompanied by the formation of a strong surface bond, ∼ 2 eV in energy. The consequent lowering in energy barrier is by more than a factor of two for the surface-aligned exchange reaction H(ad) + H 2 (ad), as compared to the reaction in the absence of the surface. The computed lowering of the barrier, ΔE b , in going from gas to adsorbate conforms to the Brønsted, Evans Polanyi, BEP, relation, ΔE b = α (−ΔH), with α = −0.22.
